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Summary. The objectives of this study were to present an 
expanded soybean RFLP map and to identify quantita- 
tive trait loci (QTL) in soybean [Glycine m a x  (L.) Merr.] 
for seed protein and oil content. The study population 
was formed from a cross between a G. m a x  experimental 
line (A81-356022) and a G. soja Sieb. and Zucc. plant 
introduction (PI 468916). A total of 252 markers was 
mapped in the population, forming 31 linkage groups. 
Protein and oil content were measured on seed harvested 
from a replicated trial of 60 F2-derived lines in the F 3 

generation (F2:3 lines). Each F2:3 line was genotyped 
with 243 RFLP, five isozyme, one storage protein, and 
three morphological markers. Significant (P < 0.01) asso- 
ciations were found between the segregation of markers 
and seed protein and oil content. Segregation of individ- 
ual markers explained up to 43% of the total variation 
for specific traits. All G. m a x  alleles at significant loci for 
oil content were associated with greater oil content than 
G. soja alleles. All G. soja alleles at significant loci for 
protein content were associated with greater protein con- 
tent than G. m a x  alleles. 

Key words: Restriction fragment length polymorphism 
(RFLP) - Glycine m a x  - Quantitative trait loci (QTL) - 
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Introduction 

Soybean is grown primarily for the protein and oil pro- 
cessed from its seed (Smith and Huyser 1987). The in- 
creasing interest in soybean genotypes that fit into 
specific markets and competition from other oil seed 
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crops will continue to make increased seed protein and 
oil major breeding objectives in the future. Both protein 
and oil content are quantitatively inherited in soybean 
(Burton 1985; Wilcox 1985). Breeders have been success- 
ful in manipulating these traits, but their underlying ge- 
netic controls have not been elucidated. 

Genetic markers have allowed researchers to system- 
atically map and characterize genes that are important in 
conferring quantitative traits. These genes have been 
mapped to what has become known as quantitative trait 
loci (QTL). The use of restriction fragment length poly- 
morphism (RFLP) markers has increased the efficiency 
of mapping QTLs, because of the greater number of 
markers that can be scored in a single population relative 
to other markers used such as isozyme or morphological 
markers. Genetic mapping of QTL has been documented 
in maize and tomato (Edwards et al. 1987; Osborn et al. 
1987; Paterson et al. 1988). QTL mapping has led to an 
increased understanding of genes involved in the inheri- 
tance of quantitative traits, and may improve genetic 
gains in breeding programs through marker-assisted se- 
lection. 

Molecular markers have been used to identify QTL in 
G. m a x  x G. so ja-der ived  populations. Graef et al. (1989) 
and Suarez (1989) studied the association between 
isozyme markers and quantitative traits in two G. so- 

j a  x G. m a x  backcross populations. Both found signifi- 
cant associations between vegetative traits and isozyme 
loci. Suarez found several associations between specific 
isozyme markers and protein, oil, and fatty acid content; 
however, most of the associations were population 
specific. Their studies were limited by the low number of 
polymorphic isozyme markers available in their popula- 
tions: six in one and eight in the other. 

Keim et al. (1990a) studied hard seededness in a 
G. m a x  x G. soja single-cross population with 70 RFLP 



markers. QTL were found that explained 71% of the 

total variation for hard seededness in the population. 

Keim et al. (1990 b) continued mapping in the same pop- 
ulat ion and found significant QTL for maturi ty and mor- 
phological traits by using 150 RFLP  markers. They 
found markers that explained more than 20 % of the total 
variation for several traits. 

The purpose of this research was to use RFLP  tech- 
nology to map quantitative trait loci for seed protein and 

oil content in the same populat ion used by Keim et al. 
(1990 a, b). 

Materials and methods 

The study was conducted with a population produced from a 
cross between the G. max experimental line A81-356022 and the 
G. soja accession PI 468916. This population was used to devel- 
op the public RFLP map, and F 2 data from all of the markers 
were used to map QTL. 

Sixty F 2 plants from the mapping population were grown at 
the Iowa State University Agronomy and Agricultural Engi- 
neering Research Center near Ames/IA, during the summer of 
1987. Leaf samples were taken from each plant for DNA extrac- 
tion and RFLP analysis. The plants were allowed to naturally 
self-pollinate and, at maturity, each plant was harvested and 
threshed separately to form F2-derived (F2: 3) lines. 

Linkage mapping 

A total of 252 loci was scored in the population to construct the 
linkage map. Two hundred and twenty-seven of the loci were 
scored using low-copy clones from a PstI genomic library of 
soybean (Keim and Shoemaker 1988). Also included on the map 
were 16 loci scored using recombinant DNA clones obtained 
from other labs (see Fig. I legend), five isozyme markers, three 
morphological markers, and one storage protein marker. The 
DNA extraction, Southern blotting, and hybridization proce- 
dures have been described elsewhere (Keim et al. 1989). The 
linkage map from the F 2 segregation data was constructed using 
the program Mapmaker (Lander et al. 1987). A minimum lod 
score of 3.0 was used, with the exception of the linkage of 
markers pA-203 and pT-153b, where a lod of 2.8 was used. 

QTL mapping 

The FI: 3 lines and parents were evaluated during the summer of 
1988 in a randomized complete-block design experiment with 
two replications at each of three locations near Ames/IA. The 
locations were the Agronomy and Agricultural Engineering Re- 
search Center, the Burkey Farm, and the Bruner Farm. Plots 
were single rows a.5 m long, with l-m row spacing and a seeding 
rate of 33 seeds m-1. Plots at the Burkey Farm were planted 
1 May, at the Agronomy and Agricultural Engineering Re- 
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search Center on 15 May, and at the Bruner Farm on 29 May. 
Each plot was harvested and threshed separately at maturity. 
Seed protein and oil content were measured from a 5- to 7-g 
ground sample from each plot at the USDA Northern Regional 
Research Center at Peoria/IL, by using a Pacific-Scientific NIR 
grain analyzer. 

Seed trait data were analyzed by standard analysis of vari- 
ance procedures for a randomized complete-block design model. 
Variance component estimates and broad-sense heritabilities 
were calculated according to Fehr (1987). Each marker-seed 
trait combination was analyzed to determine if segregation of 
individual markers explained significant seed trait variation. 
The lines were divided into three classes for codominant markers 
(homozygous for G. max alleles, homozygous for G. soja alleles, 
and heterozygous) or two classes for dominant markers (het- 
erozygous class and homozygous dominant class contrasted 
with the homozygous recessive class). A single-factor analysis of 
variance was used to determine if significant differences were 
present among marker classes. Significance was determined by 
F-tests. The amount of variation explained by a marker was 
determined by using the R 2 value, which is the proportion of the 
total variance among the 60 line means explained by the segrega- 
tion of a marker. 

Results 

The RFLP  data were used to construct a RFLP  linkage 

map of soybean (Fig. 1). The map contains 252 markers, 
31 linkage groups, and 2,147 centiMorgans (cM). The 
average distance between two adjacent marker loci is 
8.5 cM. Several linkage groups still must  be joined be- 
cause the soybean haploid genome contains 20 chromo- 
somes (Palmer and Kilen 1987). Twenty-five of the clones 
gave hybridization patterns that allowed two loci to be 
scored. Three clones gave patterns that allowed three loci 
to be scored. Refer to Keim etal .  (1990b) for a more 
detailed discussion on the linkage mapping results. 

The G. max and G. soja parents were significantly 
different (P<0.001)  for seed protein and oil content 

based on analysis of seed from the field trial. The G. max 
and G. soja parents contained 420 and 471 g (kg seed)- 1 
protein and 198 and 1 0 / g  (kg seed)-1 oil, respectively. 

Significant genetic variation was present among the F2:3 
lines for both traits. The broad-sense heritability was 
0.74 for protein and 0.92 for oil content. Each marker- 
seed trait combinat ion was then tested to determine if 

significant associations existed between the segregation 
of markers and variation for the traits. Markers that 
were associated with significant variation for protein and 

Fig. 1. Soybean RFLP map. The tentative names of the linkage groups are listed at the top of each group. The markers labelled pA 
and pK are RFLP markers developed by the USDA-ARS at Iowa State. Markers labelled M13, pR, pT pG, and PC were developed 
by Dr. K. G. Lark at the University of Utah. Markers labelled pSAC are actin gene probes kindly provided by Dr. R. Meagher from 
the University of Georgia. Included also on the map are five isozyme markers (Rennie et al. 1989), diaphorase (Dia), isocitrate 
dehydrogenase (Idh) (Palmer and Kilen 1987) and acid phosphatase (ACP), malic enzyme (ME), and malate dehydrogenase (MDH), 
the Gy4 storage protein locus (Palmer and Kilen 1987) and the morphological markers i (seed coat color), pb (pubescent tip) (Palmer 
and Kilen 1987), and SCD (seed coat luster) 
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Table 1. Markers significantly (P < 0.01) associated with varia- 
tion for protein and oil content 

Marker R 2 P > F Means of genotypic Linkage 
classes a group 

MM SM SS 

g (kg seed)- 1 

Protem 

pK-11a 0.42 0.0001 450 465 474 K 
pA-407a 0.39 0.0001 451 464 473 K 
pA-144 0.24 ' 0.0007 454 464 472 K 
pA-688 0.25 0.00t 454 465 472 K 
pSAC-7a b 0.24 0.003 455 464 472 A 
pA-242b 0.19 0.004 456 465 468 A 
pA-23 0.16 0.01 457 466 468 A 
pA-245 a ~ 0.12 0.01 455 465 C 

Total oil 

pSAC-7a 0.43 0.0001 153 145 136 A 
pA-242b 0.39 0.0001 154 J43 140 A 
pA-23 0.32 0.000t 153 144 139 A 
pb d 0.27 0.000t 152 144 139 A 
pK-11A 0.27 0.0002 155 144 140 K 
pA-407a 0.28 0.0005 154 144 140 K 
pA-454 0.23 0.0008 152 143 142 A 
pK-229 0.22 0.001 151 144 140 A 
pA-203 0.18 0.006 152 145 142 A 

a MM designates homozygous G. max class, SM heterozygous 
class, and SS homozygous G. soja 
b Actin gene probe provided by Dr. R. Meagher (University of 
Georgia) 
~ G. soja alleles dominant to G. max alleles 
d Morphological marker blunt-sharp pubescence tip (Palmer 
and Kilen 1987) 

oil at P<0 .01  are given in Table 1. Some markers that 
were associated with significant variation for a given trait 
mapped to the same linkage group, suggesting that these 
markers were associated with variation controlled by the 
same gene or group of  genes (Table 1). 

All G. soja alleles at loci significant for protein were 
associated with greater protein content than G. m a x  alle- 
les. All G. m a x  alleles at significant loci for oil were asso- 
ciated with greater oil content than G. soja alleles. These 
results were expected because the G. m a x  parent had 
greater oil and lesser protein content than the G. soja 

parent. The significant marker loci for protein and oil 
content were mostly clustered on linkage groups 'A '  and 
'K, '  which suggested that important  genes for these traits 
were located within these linkage groups. Alleles signifi- 
cantly associated with increased levels of  one trait, 
protein or oil, generally were associated with lower levels 
of  the other trait (Table 1). This is consistent with the 
negative correlation generally found between these traits 
in soybean (Burton 1985). 

Discussion 

A soybean linkage map consisting of  252 markers has 
been presented in this paper. Markers used in the map- 
ping were associated with regions of  the genome that 
explained significant variation for protein and oil con- 
tent. These regions likely contain important  genes that 
control expression of  the seed traits. The large amount  of  
variation associated with individual markers in this pop- 
ulation suggested that the inheritance of  these traits was 
controlled partly by genes with large effects. However, of  
the relatively small population that was used in this 
study, it is likely that only those loci with alleles having 
a relatively large effect on the quantitative traits were 
identified. There are likely many more loci that affect 
protein and oil content segregating in the population, but 
their effects were too minor to be identified in these 
analyses. 

There is a probability that some markers were erro- 
neously declared significant (Type I errors). With the 
probability cutoff of  0.01 used in this experiment, the 
chance of  at least one Type I error occurring among the 
252 analyses of  variance calculated for each trait is 0.92 
(Lander and Botstein 1989). The probability of  a Type I 
error decreases to 0.22 for a probability level of  0.001 and 
to 0.025 for a probability level of  0.0001. Although the 
chance of  Type I errors is high with use of  a probability 
of  0.01, the loci associated with the largest trait variation 
were significant at probability values as low as 0.0001 
(Table 1). 

It should be noted that the @ 4  gene (Palmer and 
Kilen 1987), which encodes the G4 subunit of  the glycin- 
in storage protein, was mapped in this population 
(Fig. 1). Gy4 was mapped using the segregation of  a 
R F L P  revealed using a clone of  Gy4 as a probe (Dickin- 
son et al. 1987), and the segregation of  a G4 polypeptide, 
A4. The G. soja parent had a lower mobility for the 
polypeptide A4 than previously observed in soybean 
germplasm. This allowed the scoring of  the segregation 
of  A4 using polyacrylamide gel electrophoresis. The 
R F L P  and the storage protein variant co-segregated 
among the F2s. These data were used to test for an asso- 
ciation between the storage protein gene and total 
protein content in the seed. No  significant association 
was found, which suggests that this structural storage 
protein gene or a closely linked gene does not have a 
major effect on protein content in this population. 

Studies are being initiated that will test for R F L P  
associations with protein and oil content in a number of  
other populations. Information on the association be- 
tween markers and protein and oil content should help 
breeders in constructing allelic combinations for further 
study and for the development of  superior genotypes. 
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